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Thermal and Physical Properties of Plutonium Dioxide Produced from the Oxidation of
Metal: a Data Summary

David M. Wayne
Los Alamos National Laboratory
MET-1, MS E-511, Los Alamos, NM 87545

ABSTRACT

The ARIES Program at the Los Alamos National Laboratory removes plutonium metal from
decommissioned nuclear weapons, and converts it to plutonium dioxide in a specially-designed
Direct Metal Oxidation furnace. The plutonium dioxide is analyzed for specific surface area,
particle size distribution, and moisture content. The purpose of these analyses is to certify that
the plutonium dioxide powder meets or exceeds the specifications of the end-user, and the
specifications for the packaging and transport of nuclear materials. Analytical results from
plutonium dioxide from ARIES development activities, from ARIES production activities, from
muffle furnace oxidation of metal, and from metal that was oxidized over a lengthy time interval
in air at room temperature, are presented. The processes studied produce plutonium dioxide
powder with distinct differences in measured properties, indicating the significant influence of
oxidation conditions on physical properties.
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INTRODUCTION

During the course of the Advanced Recovery and Integrated Extraction System (ARIES)
production effort at LANL, we have undertaken a variety of testing methods to certify that the
PuO; product meets the specifications outlined in the Plutonium Interface Control Document [1];
hereafter referred to as the ICD. The ARIES oxide product is sealed in welded containers and
shipped per the requirements and specifications in DOE-STD-3013 [2]. To address the
requirements of both the ICD and of DOE-STD-3013, we devised a powder processing and
assessment regimen for ARIES oxides to guarantee a homogenous oxide product with uniform
chemical and physical properties. To date, over 50 oxide lots have been produced and analyzed
in preparation for shipping to the Savannah River Site (SRS) in DOE-approved, welded 3013
containers.

Measurement of the particle size distribution (PSD) and specific surface area (SSA) of PuO,
powders from different process streams has been performed at the Los Alamos National
Laboratory (LANL) for several decades. Due to programmatic requirements, ARIES oxides are
quite well-characterized; perhaps more so than other actinide oxide products. In addition to the
materials evaluated for the present study, the physical and chemical properties of PuO, produced
during the 1st and 2nd ARIES Demonstrations have also been documented and discussed [3, 4].
Before ARIES entered the production phase in 2010, the United States Department of Energy
specified that the moisture content of plutonium-bearing materials destined for interim storage in
3013 containers per DOE-STD-3013 be quantified by thermogravimetric analysis (TGA)
coupled either with quadrupole mass spectrometry (TGA-MS) or Fourier Transform Infrared
Spectroscopy (TGA-FTIR). At LANL, TGA-MS analyses are routinely performed to assess
moisture levels in Pu-bearing materials.

For Pu-bearing materials to be shipped to SRS, a 20 Points agreement [5] details the manner in
which LANL meets the requirements of DOE-STD-3013 for all aspects of Pu oxide stabilization,
sampling, packaging, and analysis. All TGA-MS analyses of PuO, must adhere to these
collective guidelines, which include:

1. Heating to at least 1000°C at a rate of 20°C or less per minute.

2. The use of ultra-high-purity argon (99.999%) or helium (99.99%) carrier gas.

3. The sample measured must be > 3 g.

4. Both mass numbers 17 (OH) and 18 (H,O) must be used to measure moisture.

THE ARIES OXIDE PROCESS STREAM IN PF-4

The ARIES project comprises a process line that disassembles plutonium-containing components
from nuclear weapons, extracts the Pu metal, converts the metal to oxide, and processes that
oxide for transport to the Savannah River Site (SRS) in welded 3013 containers [1, 2]. Two
versions of the Direct Metal Oxidation (DMO) Furnace have been used to produce actinide
oxides from metal during ARIES testing and development. The 1% ARIES Demonstration was
performed during the late 1990s using a stainless steel furnace adapted from the HYDOX
furnace which was intended to convert Pu metal to Pu hydride or Pu nitride intermediaries prior
to oxidation. The HYDOX furnace was retrofitted to eliminate the hydride- and nitride-forming
capabilities, hence the name “Direct Metal Oxidation” furnace.
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The first DMO unit (DMO-1) oxidized the metal in a rotating, perforated basket within a
controlled, O,-rich atmosphere at ~600°C. Various O,-He gas mixtures were tested to facilitate
the oxidation reaction in the furnace. The rapidly-formed oxide spalled off the metal parts, fell
through the perforations and into a fritted quartz tube which served as a gas inlet, oxide reservoir,
and calcination furnace. Though calcination was available, only a few of the oxide batches were
calcined, and in those the calcination typically only went to ~600°C. The same DMO furnace
setup was used for the 2" ARIES Demonstration during the early 2000s. No records were
retained concerning the calcination of oxide produced during the 1% and 2" ARIES
Demonstrations. With the exception of the material used in developing the ARIES NDA Standard
[4], oxide lots produced during these demonstrations were only subjected to a brief (ca. 10-20
minutes) interval of rod milling prior to storage.

All production-scale (UPOPLQOT) oxide, and all ARIES testing and development from 2009 to
the present has taken place in the DMO-2 Furnace, a redesigned and improved version of the
DMO-1 furnace. In DMO-2, oxidation is maintained between 475 and 575°C in an optimized
helium — oxygen mixture (75% O, / 25% He) flowing into the reaction zone at 2.0 L/ min (i.e.,
1.5 L/min Oz and 0.5 L/min He). The total amount of O, available for Pu oxidation exceeds that
needed to produce stoichiometric PuO,. Oxide chips and powder are collected and calcined for
130 to 135 minutes at 950-1040°C in the same He-O, atmosphere.

The ARIES / UPOPLOT product oxide is then sieved to separate powder that is already less than
180 um. The oversized material is iteratively milled and sieved so that ~90-99% of the final
product passes through a 180 um sieve. The fully-processed powder lot is then homogenized by
mechanical blending, sampled for analysis, and packaged to meet the requirements of DOE-
STD-3013. Analytical samples are extracted from the fully processed ARIES oxide shortly after
homogenization. ARIES oxides are essentially pure single-phase materials with Pu > 86%, and
relatively consistent trace and minor element contents. The primary elemental impurities are Ga
and Am inherited from the Pu source material, plus trace amounts of C, Fe, Ni, and other
elements that are mostly by-products of material processing [4].

OTHER OXIDATION MODES: PASSIVE OXIDATION AND MUFFLE FURNACE
TESTING

We obtained one 15 gram sample of Pu oxide directly from the ARIES Disassembly Team. This
oxide was taken from a defective 35-year-old weapon pit that had slowly oxidized at ambient
conditions over an undetermined time span. This oxide consists of a very fine, flour-like powder
that was analyzed with no pretreatment other than riffling to reduce the sample size.

We have also examined a set of samples that were oxidized in ambient air in a muffle furnace.
The formalized Muffle Furnace Test Plan (MFTP) specifies that Pu metal be oxidized in an
aluminosilicate boat for at least 12 hours at 500°C followed by stabilization of the converted
oxide at 950°C for at least two hours. Ultimately, the MFTP was devised to demonstrate that
static oxidation and calcination in a muffle furnace could yield plutonium oxide that meets the
requirements of ICD-08-025-02 (G-ESR-K-00039, Rev 2), “LANL-SRS Plutonium Dioxide
Powder Interface Control Document,” and those of the “20 points” requirements necessary to
meet G-ESR-G-00035 for the shipment and eventual storage of material at K-Area under DOE-
STD-3013. The MFTP oxide was produced in several smaller batches and each batch was
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subjected to the full range of available physical and thermal characterization techniques,
including PSD, SSA, and TGA-MS. Then, the individual MFTP batches were sieved, milled,
blended, and sampled using the same procedure implemented for the ARIES DMO-2 oxides. The
fully processed MFTP oxide was packaged as UPOPLOT0038M, following sampling, and
analysis in the same manner as the ARIES DMO oxide lots.

SAMPLING, ANALYTICALMETHODS AND INSTRUMENTATION

Table 1 is a summary of sample types and process paths. Different process paths are denoted by
an indicator prefix (e.g., UPOPLOT, ARIOX, MFTP, etc.). In all cases the suffix “LT180” refers
to the sub-180 um sieve fraction of the unprocessed oxide.

All equipment and instrumentation used for this study is housed entirely within dry air PF-4
gloveboxes fitted with hard-plumbed, filtered gas inlets, and sealed electrical and telemetric
feedthroughs. During production, ambient conditions within the dry air gloveboxes were:
temperature (T) = 25 to 32°C, relative humidity (%RH) = 0.0 — 0.5% for UPOPLOTO0001 to
UPOPLOTO0036-1 (Appendix 1). During summer 2012, and through the winter of the same year,
multiple positive humidity excursions in both the processing and analytical gloveboxes occurred
due to maintenance operations on the PF-4 air drying system (Figure 2). The ambient analytical
glovebox %RH measurements during TGA-MS analyses of UPOPLOT0036-2 (duplicate run), -
38M, -40 and -45 were 4.3%, 7.0%, 1.4%, and 1.9%, respectively. The analytical glovebox %RH
for the remaining samples after UPOPLOT0045 was <0.6% at temperature. All oxide processing
and characterization operations are paused if the glovebox relative humidity exceeds 15% [5]. A
comprehensive survey of glovebox conditions during sampling and TGA-MS analysis, and the
corresponding TGA-MS results, is given in Appendix 1.

Samples for SSA, PSD, and TGA-MS measurements were separated directly from the multi-
kilogram bulk oxide lots using a sample thief to isolate a 250 gram master sample. The 250-gram
sample was then subdivided into 25 gram, or 3 to 5 gram, aliquots using a rotary riffler. The
samples were sealed in Cu-gasketed stainless steel ampoules until they are analyzed. The 25-
gram sample is further riffled down to eight 100- to 300-mg sub-aliquots, one or more of which
are then used for PSD measurements. The remainder of the 25-gram sample is used for surface
area analysis. Oxide destined for shipment in 3013 containers must be evaluated for moisture
content by TGA-MS, per DOE-STD-3013. The 3013 samples must be >3 grams. Samples from
oxide batches not destined for shipment can be any size, and are typically between 1 and 3
grams. For this study, TGA-MS samples are decanted directly from the steel ampoule into the
TGA crucible, with no pre-treatment or other preparation.

SSA determinations were performed using a 3-port Beta Scientific / Horiba Surface Analyzer
(SA-9603-MP) and ultra-high purity He and N, gases on nominal 25 g samples that were
outgassed in the analysis cells for a minimum of 4 hours at 200°C. We ran either NIST SRM
1899 or NIST SRM 1900 concurrently with two PuO, samples. The variation of the measured
SSA values of the SRMs was typically <5% relative standard deviation (RSD) from the certified
value, and was always within <10% RSD. PSD measurements were carried out using a Horiba
LA-920 laser diffraction particle size analyzer. Riffled 100 to 300 mg samples were analyzed 6
to 8 times in rapid succession after a 10 second ultrasonic agitation. In order to counteract the
effect of particle settling, the suspension was further agitated between each run using the on-
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board “de-bubble’ option which further sonicates the fluid and increases its circulation rate for 30
seconds. Analyses were performed using the ‘sequence file’ option which ensures identical fluid
flow conditions immediately before and during analysis. Results from 6 to 8 individual runs were
then averaged. We also measured the PSD of NIST SRM 1982 before and after the PuO, sample
runs. The deviation of the measured D5y (=median) value of the SRM from the certified value
was <10% RSD for each sample.

TGA-MS runs were performed in Al,O3 crucibles using a Netzsch STA 409PC Luxx TGA/DSC
equipped with a heated interface and a heated silica capillary transfer line leading to a Pfeiffer
ThermoStar Quadrupole MS (GSD 301T) for offgas analysis. Analyses were conducted in
flowing ultra-high-purity (UHP) Ar on 10°C per minute ramp from room temperature up to
1100°C. Per agreement with Savannah River Site [5], the TGA furnace chamber was not
evacuated prior to analysis, and the working gas must be UHP argon. Water was quantified using
both mass-to-charge (M/z) ratios = 17 and 18. Repeat analyses of talc and gypsum were
conducted in order to construct a calibration curve (n>6) that relates peak area to the weight loss
incurred by talc and gypsum dehydration [6]. Aside from OH and H,0O, several other M/z ratios
were monitored, including (at different times): 2 (H,), 4 (He), 15 (NH), 16 (O), 30 (NO), 32 (O,),
35 (*Cl), 36 (*°Ar), 37(*'Cl), 44(C0O,), and 48 (SO).

SURFACE AREAAND PARTICLE SIZE RESULTS

Plutonium oxide (PuO,) produced by metal oxidation at ambient conditions (sample 006) is a
fine powder with a unimodal (=1.42 um) distribution around a mean of 1.99+0.09 um (Dsp=1.62
um). By contrast, ARIES oxide arrives from the DMO as a granular aggregate, with a very wide
range of particle sizes: from over 2000 um, to <1.0 um. Sieve analyses indicate that for typical
ARIES DMO material, only 20 to 30 weight % consists of fines <180 um in diameter (Appendix
2). However, DMO runs after UPOPLOTO0039 have a different initial PSD, with <180 um fines
comprising up to 75% by weight of the raw material. Pu oxides from the Muffle Furnace Test
Plan (MFTP) also contain granular aggregates prior to processing, though they also have a far
higher proportion of <180 um fines than the typical ARIES DMO oxides (Appendix 2).

The single sample of PuO, produced by slow metal oxidation at ambient conditions was
analyzed several times and has a SSA of 6.89 m?/g. High-purity PuO, produced from nitrate or
chloride solutions via oxalate precipitation followed by calcination at 650°C also results in
relatively high-surface area particles [7-8] (Figure 3). The ICD places no bounding conditions on
the SSA of ARIES oxide feed. Plutonium oxides originating from the ARIES DMO Furnace are
low SSA materials. Surface area and particle size data for all fully-processed UPOPLOT oxide
samples is summarized in Appendix 3. SSA and PSD data for ARIES-related oxides such as
those from the Muffle Furnace Test Plan, the pre-production DMO-2 Test Plans, and uncalcined,
minimally-processed oxides from the first and second ARIES Demonstrations are summarized in
Appendix 4. Figure 4 shows that the SSA of processed ARIES oxide increases slightly over the
duration of the UPOPLOT production cycle, though nearly all measurements fall in a narrow
range between 0.1 and 0.4 m?/g. Only 5 of 53 processed UPOPLOT samples, Lots 38M (muffle
furnace), 41-43, and 50, have SSAs that exceed 0.4 m?/g. Unprocessed PuO, produced from
metal oxidized in ambient air using a programmable muffle furnace (e.g., the MFTP samples) are
similar in terms of surface area (Figure 3) although some minimally-processed, and possibly
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uncalcined, samples from the first and second ARIES Demonstrations have SSAs that exceed 1.0
m?/g (Figure 3; Appendix 4). The origin of the higher surface area materials (~2 m%g) emanating
from the DMO-1 furnace during the demonstration phase of the ARIES project is not known.
Subsequent ARIES oxides, both processed and unprocessed, from the DMO-2 furnace have had
consistent and much lower SSA values (Figure 3).

The ICD specifies that the finished ARIES product shall contain no particles greater than 200 um
in diameter, and that the volume percent of fines smaller than 5 um in diameter shall be
minimized. We subsequently agreed to keep the percentage of sub-5 um fines below an arbitrary
limit of 30 % by volume [1]. Nearly all processed ARIES UPOPLOT samples have a distinctive
tri-modal PSD, with modes at 0.73 — 3.16 um, 10.9 — 18.5 um, and 41.3 - 63.0 um (Figure 5).
The diameter showing the largest volume fraction in the smallest mode is quite variable, while
that of the two larger modes varies by ~10% RSD (1c) (Appendix 3). For these oxides, most of
the variability in the PSD results occurs in the relative heights of the different modes, as opposed
to their absolute position. Average PSDs from Lots 1-10, 11-20, 21-30 and 31-39 (excluding
38M) are very similar, while the average PSD from Lots 40-51 is significantly different (Figure
5, Table 2). The PSDs of Lots 1-10, 11-20, 21-30, 31-39, and the muffle furnace products are
characterized by a relatively large population of particles >35 um in diameter, and a well-defined
population of fine particulates that have a mode between 1.0 and 1.5 um. By contrast, the
average PSD from Lots 40-50 are almost unimodal (Figure 5), with a far greater population of
particles in the 5-30 um range, and fewer particles in the >35 um and <4 um ranges. The
smallest particle size mode is poorly-defined (Figure 5) and arrives at significantly higher
particle diameter (2.79 um) than those of the other ARIES processed lots (1.08 — 1.41 um).
Average PSD data from Lots 40-50 also shows significantly smaller median and mean particle
sizes than the previous averaged lots (Table 2).

The PSDs of the <180 um fraction from the unprocessed ARIES DMO oxide, and of the <180
um fraction of the unprocessed MFTP oxide are nearly identical to those routinely obtained from
the processed DMO oxide (Figure 6). Compared to the MFTP oxide, those produced in the DMO
furnace show much more variability in the various particle size parameters prior to processing
(Figure 7; Appendix 4).

THERMOGRAVIMETRIC ANALYSIS

TGA-MS has been performed on approximately 120 PuO, samples of various origins over the
past 2.5 years. The oxide generated by long-term exposure of the metal to ambient air had a total
mass loss of ~0.70 wt. % (Figure 8). Over 80% of the total mass loss (~0.58 wt. %) from this
sample was attributable to H,O, mostly occurring below 500°C, but persisting to well over
800°C. A very small mass gain occurs above 900-950°C, and persists to the analytical endpoint,
1100°C. If we assume that a monolayer of water molecules on 1 m?/g of PuO, surface weighs
0.21 mg/g [9], the amount of water released from this sample corresponds to ~3.7 monolayers,
consistent with H,O adsorption in a humid environment.

Analyses of processed ARIES oxide samples produce remarkably consistent and highly
distinctive results. Within the measurement uncertainty, we found no evidence for greater
moisture loss, or greater total mass change, for the samples momentarily exposed to higher %RH
conditions during air dryer system maintenance in PF-4 (Figure 2; Appendix 1). A sample from
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Lot 36 (UPOPLOTO036-2) was deliberately left exposed to relatively high moisture conditions
(>10% RH) overnight, but did not gain measurable moisture in excess of that sorbed by a sample
handled in the approved manner.

Despite the relatively low gas abundances, offgas spectra are complex and broad with multiple
peaks. Typically, ARIES oxides undergo an initial mass loss due to volatilization of adsorbed
gases that reaches a maximum between 550 and 790°C (avg. = 629°C, Table 3). The maximum
mass loss is < 1.5 mg (avg. = 1.12 + 0.32 mg). The proportion of weight loss attributable to the
devolatilization of sorbed H,O varies from <10% to over 70%, averaging 34.1% (Appendix 1).
Typical moisture contents for processed ARIES UPOPLOT PuO; are less than 0.01 wt. % H,0O,
and, again using the assumptions in Haschke and Ricketts [9], correspond to ~1 monolayer of
H,0 on the oxide surface. The latter result is consistent with the low surface area of the material
and the very arid conditions maintained inside the PF-4 glovebox line.

Besides H,0, other volatile peaks always present in the offgas from ARIES DMO oxides include
H,, CO,, and NO (Table 3, Figure 9). Offgas peaks occur at remarkably consistent temperatures
for various species (Table 3), though the magnitudes vary greatly from sample-to-sample
(Appendix 5). Typically, H,O and CO, peak areas are about equal in area and temperature range,
while the NO and H, peak areas are much smaller in magnitude and less broad. The H,O release
typically show maxima at ~170 and 300°C, suggesting that H,O may not be simply physisorbed.
Forty-five of the 59 samples (76%) have two discrete H,O peaks; one at low temperature and a
higher temperature one approximately 131°C apart (Table 3). Other offgas constituents have
maxima at ~160-170°C (NO), ~280-300°C (CO, and Hy), and 470-480°C (CO,). All samples
show multiple CO; peaks. The lowest temperature CO, peak (296.5+12.3°C) coincides with the
higher temperature H,O peak (299.9+26.1°C), and with the H, peak (303.7£10.4°C). NO peaks
are present in all samples, and typically coincide with the low temperature H,O emission
(167.6+25.1°C). The diatomic hydrogen peak is apparent at ~300°C in all but two of the
UPOPLOT samples, though 39% of the samples also display a higher temperature H, peak at
440.4+12.6°C.

The great majority of the UPOPLOT samples experienced weight gain following weight loss due
to volatilization (Figure 9). Samples showing little or no weight gain include those from the most
recent lots, starting with UPOPLOT 39: these are the same samples that showed anomalous
PSDs relative to the other UPOPLOT samples. Following the initial mass loss, nearly all ARIES
oxide samples slowly gain mass at an average rate of 9.0x10™* mg/°C. Between 770 to 1060°C
(avg. = 959°C), 71% of the calcined DMO oxides analyzed thus far experience a sharp increase
in the rate of mass gain to an average of 2.4x10°mg/°C (Figure 9). High temperature weight gain
seen in most UPOPLOT TGA samples is accompanied universally by a sharp, concomitant drop
in oxygen abundance in the offgas (Figure 9). Typically, the signals at M/z = 16 and 32 recover as
O, leaks back into the system after the initial depletion; via either atmospheric incursion into the
sample chamber, or via the carrier gas itself as an impurity. In half of the samples analyzed, the
magnitude of the high temperature mass gain (avg. = 0.23+0.16 mg) exceeded that of the more
gradual, lower temperature mass gain (avg. = 0.31+0.25 mg). In six of the 59 total DMO oxide
samples analyzed for moisture (including duplicates) the combined low- and high-temperature
mass gains exceed the total weight lost due to devolatilization.
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Appendix 1 summarizes the mass change and moisture data from all processed UPOPLOT TGA-
MS runs. If the maximum weight loss is taken as the absolute weight loss of the sample for 3013
purposes, the samples with the greatest mass loss (0.051 wt. %) are still six times lower than the
3013 administrative limit of 0.32 wt. % for moisture alone [2, 5]. Measured water contents of the
ARIES UPOPLOT samples analyzed thus far never exceed 0.025 weight %.

DISCUSSION

Specific Surface Area

Early researchers established that the SSA of PuO, produced by different methods and then
calcined at different temperatures [10-12], could vary by as much as an order of magnitude.
These authors observed, as others have subsequently noted [13-14], that the surface area of PuO,
particles produced by precipitation from solution by any method (e.g., oxalate, nitrate, etc.)
decreases quite drastically with increasing calcination temperature. The high surface area of
precipitates (e.g., Figure 3) likely has much to do with the intricate, rosette-like, highly
convoluted, poly-crystalline surfaces of these materials [8]. Recrystallization at high
temperatures tends to eliminate pore spaces and other surface irregularities, resulting in a lower
surface area material [10]. Several recent studies summarize SSA data for thermally-stabilized
PuO, powders [13-14], but do not identify the means by which these powders were produced.
The results from previous studies [7, 10, 11] and from the present study indicate that, for PuO,
powders, different process paths may lead to powders having differing SSAs and PSDs even
when calcination temperature does not differ. Thus, an understanding of the process path is an
important first step towards ascertaining the physical properties of the bulk powder produced
therefrom.

Oxides produced by direct metal oxidation are typically low surface area materials. Moseley and
Wing [11] remark specifically on the very low surface area of PuO, produced by the direct
oxidation of Pu metal in a furnace, but do not provide any data. One sample from the present
study, an oxide generated by long term exposure of Pu metal to air at ambient conditions
(Appendix 4), is an exception, with an SSA approaching 7 m%/g. Otherwise, oxides emerging
from the ARIES DMO and from the muffle furnace are exclusively low surface area materials,
with SSAs typically less than 0.5 m?/g, which is close to the surface area of spherical grains
having a similar particle size range. Scanning electron microscopy of ARIES DMO oxides
indicates that some degree of surface area irregularity is apparent in most grains, but very few
have the complicated, rosette-like features routinely visible in oxides originally precipitated from
the oxalate.

Particle Size Distribution: Reliability of Laser Diffraction Measurements

In terms of PSD, the data from ARIES DMO PuO, powder is very consistent. All processed
UPOPLOT samples originating from the ARIES DMO furnace have trimodal PSDs, with modes
at 0.73 -3.16 um, 10.9 — 18.5 um, and 41.3 - 63.0 um (Figure 5, Table 2, Appendix 3), as do the
particles from the <180 um populations of the as-received aggregates (Figure 7). Furthermore,
PuO; retrieved from the static muffle furnace also exhibits a similar tri-modal PSD (Figure 6).
Trimodal particle distributions are well-known in nature and have been observed in a wide
variety of natural and manufactured materials, including atmospheric aerosols [17], loess and
other Aeolian sediments [18-19], chocolate [20], human cough aerosols [21], clays [22],
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particulates generated from disc brake wear [23], wire explosions [24], processed wheat flour
[25], coal fly ash [26], and uranium foundry operations [27].

The trimodal PSDs observed in the ARIES DMO material are unlike those observed in the oxide
generated by long term exposure of Pu metal to air at ambient conditions which are unimodal
(1.42 pm) and distributed normally around a median of 1.62 um (Figure 11). Oxides produced by
the firing of Pu oxalate precipitates often have strongly bi-modal PSDs (Figure 11). For oxalate-
precipitated, high-purity oxides from the Materials Identification and Surveillance (MIS)
Program [8], the primary mode is typically in the 12-14 um range, with a smaller mode between
0.3 and 3.0 um. Impure PuO,-bearing materials produced via oxalate precipitation may also have
a third mode at 50-60 um, though it is very small and is often transient. For high-purity oxides
produced by ion exchange of the nitrate solution followed by precipitation as oxalate, the
primary mode is in the 30-33 um range, and the smaller mode is at ~1.5 um. Thus, PuO,
produced by oxalate precipitation, by the burning of metal at high temperature, and by the slow
oxidation of metal under ambient conditions each possesses a distinct PSD.

The occurrence of trimodal PSDs in materials is attributed to the simultaneous operation of
multiple means of particle generation [17, 27]. Within the DMO furnace, oxide is generated
directly from metal parts by heating to 475-575°C in an oxygen-rich atmosphere. While the exact
temperature of the metal surface is not precisely known, the process is designed to maintain the
oxidation temperature below the melting temperature of Pu metal (645 °C), though this may not
be the case in practice due to the exothermic nature of Pu metal oxidation. Bulk oxidation of the
metal is controlled by the diffusion of oxygen or oxygen-containing species through an oxide
layer on the metal surface. The outer surfaces of the metal components oxidize first and spall off,
assisted by the tumbling action of the parts in the rotating basket. The spalled-off oxide particles
fall through the basket perforations and are conveyed into the screw calciner where they are
further oxidized for over two hours at temperatures >1000°C in the same oxygen-rich
atmosphere. Thus, oxide particles can be formed in the DMO by several means during oxidation
and calcination: combustion, spallation, and fragmentation or comminution. Even though the
DMO process was designed to inhibit the melting of Pu, we have seen direct evidence of melt-
like droplets and spherules in the as-received oxide (Figure 12), and it is possible that Pu metal
vapors or fumes are generated during oxidation. Smaller particles can also undergo coalescence,
sintering or coagulation by cold-welding during oxidation, calcination and milling. Some
question remains as to how the different means of particle formation would be manifest during
oxidation of the metal in a static muffle furnace.

However, it is also possible that artificial trimodal size distributions in wet laser diffraction
analyses can arise due to particle flocculation, the assumption of particle sphericity inherent in
the optical theory used to construct the diffraction pattern deconvolution algorithms, and the
presence of strongly anisotropic particle shapes (e.g., needles) in the sample. These shortcomings
of the laser diffraction technique are well-known [28-34], and must be considered when
presenting PSD data. Furthermore, PSD data for the same material may vary considerably
depending on the measurement technique chosen [33].

The determination of PSD in PuO, powders is also problematic for other reasons. Our aim is to
ascertain the PSD of the original dry material, as received, using a wet analytical technique
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approved for use in a PF-4 glovebox. The material is extremely dense, and larger particles
preferentially settle out of aqueous suspension very quickly. The powder contains abundant,
loosely-bonded primary particle aggregates formed during calcination by sintering, or
mechanically during milling. The propensity for these aggregates to disassemble in the flowing
dispersant medium during analysis is expressed as a steady increase in the smallest-size particle
mode during analysis (Figure 13), accompanied by a marked increase in laser and light
obscuration (Figure 14), and a slight decrease in both the population and the diameter of the
larger-sized modes. Figure 13 is a plot of nine individual PSD curves collected over a time span
of approximately 9 minutes from a single suspension of a sample from UPOPLOTO0O005. In this
plot, each solid line represents a single particle size analysis. Through time, the larger modes at
~14 and 55 um are depleted, as the volume percent of particles in the smallest particle size mode
grows and moves to a smaller diameter. At the same time, the laser transmittance for each
successive analysis decreases from 84.4% to 72.4% (Figure 14). Particles settling out of
suspension would tend to increase light transmittance. Thus, some size reduction of primary
PuO; particle aggregates is apparent during particle size analysis.

It is also possible, conversely, that the observed PSDs for PuO, powders are biased by
agglomerations formed during analysis via flocculation. Desroches, et al. [34] have shown that
such agglomerates can introduce significant bias to PSDs for CeO, suspensions in near-neutral
solutions. They found that the suspension stability of rare earth- and yttrium-doped CeO,
powders was enhanced by adjusting the pH of the dispersant medium so it was well outside of
the isoelectric point (IEP) of CeO,, which is close to pH=7. The term “isoelectric point,” also
known as the zero point of charge (ZPC), represents the pH at which an immersed solid surface
has a zero net charge. The IEP of PuO, occurs at approximately pH=9 [35], thus a stable
suspension can be generated in a near-neutral solution. As a precaution, we collected PSD data
for two splits of the same PuO, powder sample in Isoton 111 dispersant, which has a pH of 7, and
in Isoton 111 that was acidified to pH~4.5 using a few drops of nitric acid. The results of both
analyses are within the range expected for routine sample-to-sample variation (Figure 15). For
PuO,, the effect of lowering the pH of the dispersant is modest, but may warrant further
systematic investigation. However, the use of a mildly acidic dispersant may cause the internal
piping of the laser diffraction instrument to corrode or break down over time.

Particle shape considerations may also come into play for PuO, powders from the ARIES DMO.
Scanning electron microscopy (SEM) images (Figure 16) indicate that these powders are
comprised of particles having aspect ratios that vary from approximately unity to over 4:1. The
PuO, particles are typically angular and equant, and not spherical in shape, and such particles
could certainly be expected to broaden the apparent PSD. While needle-like and plate-like
particles can be seen on occasion, they are not the norm. Based on these admittedly crude
observations of particle shape, we assume that some bias was potentially introduced into the
laser diffraction data by the presence of particles having a large aspect ratio. However, further
work will be required before we can address the manner in which such bias is manifest in the
final PSD. Similarly, a quantitative assessment of the severity of these effects will require the
collection of a corresponding set of particle shape and size distribution data by other means, such
as image analysis, on the same samples.
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Thermal Analysis

PuO; generated via the room temperature oxidation of Pu metal contains a great deal of sorbed
H,0, almost 4 monolayers. Without confirmation by XPS or other analytical means, the manner
in which this excess water is sorbed on to the surfaces of this powder remains a topic of
speculation.

All ARIES samples undergo an initial weight loss due to the loss of volatiles. TGA-MS analyses
indicate that the total amount of H,O adsorbed onto oxide surfaces is consistently <0.01 wt. % of
the total, and constitutes <1 monolayer of surface coverage. For the vast majority of the
processed ARIES DMO samples, volatilization and mass loss occurs up to ~630°C, and is
followed by a mass gain that sharply changes slope at high temperatures (>900°C). We speculate
that the mass gain in these materials proceeds by two distinct mechanisms, one resulting in the
gradual, gently-sloping lower-temperature leg (~600-900°C), and another resulting in the more
rapid mass gain that typically starts between 900°C and 1000°C. The slope change also
corresponds to a sharp depletion of oxygen relative to the other gases present in the furnace
atmosphere (Figure 9), and suggests an oxidation reaction is taking place.

We speculate that the gradual, low temperature mass gain is related to the oxidation of non-
stoichiometric PuO,.x to a composition closer to ideal PuO,, or to oxidation of trace impurity
elements such as iron. The data do not support the existence of Pu metal in the calcined DMO
oxide. TGA-MS experiments on uncalcined DMO oxide that contained tiny amounts of Pu metal
all show mass gains starting at temperatures in the 250-350°C range. The magnitude of the mass
gain in the metal-bearing runs often exceeds 0.1 wt. %, and obscures the high-temperature mass
gain discontinuity seen in most fully-oxidized DMO materials. For calcined and uncalcined
oxides containing no Pu metal, the slopes of the lower temperature portion of the mass gain
curves are similar and suggest a similar mechanism for mass gain in each. The gradual mass gain
between ~600°C and 900°C is accompanied by a similarly gradual decrease in the oxygen signal
(Figure 9), some of which could account for the further oxidation of non-stoichiometric PuO,. to
PuO,. The oxidation reaction happens quite rapidly in the DMO furnace, and it is conceivable
that non-equilibrium O-depleted phases formed and small amounts persisted in the interior
portions of relatively large granules through the calcination process.

Experimental evidence suggests that the high temperature weight gain associated with the sharp,
step-like oxygen depletion (Figure 9) is likely due to the oxidation of gallium. Gallium is an
important impurity element in the Pu metal handled by the ARIES process, and is alloyed with
plutonium metal to stabilize its 5-phase, making it more malleable and workable. Typical Ga
concentrations in the ARIES DMO oxides vary from 5000 to 9000 ppm. White, fibrous films and
deposits that formed during TGA analyses on some of the DMO-produced PuO, samples (Figure
10), and on the TGA crucible itself, were revealed to be gallium-rich by energy dispersive X-ray
fluorescence analysis. Similar coatings were also observed in the DMO furnace, and during
experiments on the thermally-induced removal of Ga from Pu metal and oxide [36-37].

Further work here is warranted, as we have not yet confirmed that the Ga-rich white, fibrous
phase is, in fact Ga,O3. The identity of the white material could easily be accomplished by X-ray
diffraction techniques. Furthermore, we have not yet determined whether the precursor to the
white fibrous Ga-rich phase is Ga metal or gaseous Ga,O. If the O, potential during the TGA run
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is controlled either PuO, or by sub-stoichiometric PuO,.,, metallic Ga may persist in equilibrium
to relatively high temperatures [38]. The oxidation of Ga would then result in a net weight gain
as Ga,O3 becomes the equilibrium phase. The mass change discontinuity would then develop as
the contrasting reaction kinetics of Ga oxidation overtakes the gradual oxidation of PuO,.. It is
worth noting that similar white films, possibly Ga,0Os, separated from nearly all of the uncalcined
ARIES Pu oxide samples during TGA-MS analysis.

Effects of Changing Oxidation Conditions on Physical Properties of ARIES DMO Oxides
Even in a system as robust and well-characterized as the DMO Furnace, changes in oxidation
conditions can lead to measureable changes in oxide properties. Temperatures in the DMO
Furnace are monitored and controlled by four thermocouples: North Up Well (NUW), North
Low Well (NLW), South Up Well (SUW), and South Low Well (SLW). The furnace uses a
control scheme that selects the highest-reading thermocouple to control the furnace temperature
to the setpoint. In the initial thermocouple setup, oxidation temperature was controlled by the
SLW thermocouple. This thermocouple normally registered the highest temperature of the four
temperature probes and was set to read ~500°C, thus providing a temperature ceiling for the
remaining three probes. The temperature difference plotted in Figure 17 is the temperature
difference between the SLW thermocouple and the lowest-reading thermocouple, initially the
NLW, evaluated at the first introduction of oxygen. Upon restart following a maintenance
interval during June and July 2012, the temperature controlling capability was routed to the
NUW thermocouple, and the SLW became the lowest-reading thermocouple. At this time, we
also observed a sharp increase in the temperature differential between the controlling (NUW) and
lowest-reading (SLW) thermocouples (Figure 17), from ~40°-80°C to ~110°-170°C. This was
later diagnosed as resulting from the failure of one of the six furnace heater panels which shifted
the thermal dynamics of the furnace during heat-up.

The increased temperature differential likely corresponds to Pu oxidation at somewhat lower
temperatures on average, as the temperatures registered by the lowest-reading thermocouple
were ~30°C to 60°C lower than those of the runs that occurred prior to July 2012. The
thermocouples were re-configured in January 2013 to attempt to compensate for the loss of
heater capability by taking the NUW thermocouple out of the control loop. This shifted
temperature control back to the SLW thermocouple, and reduced the temperature differential
back to its original range. SUW is now consistently the lowest-reading thermocouple.

Workers in the ARIES Oxide Processing line immediately noticed a change in the general
physical properties of the resulting oxide following the June/July 2012 DMO Furnace
maintenance interval. Instead of a black crystalline aggregate dominated by particles and
agglomerates >1 mm in diameter, the oxide was a fine yellow-brown powder with relatively few
particles over 1 mm in diameter. The processing sieve results from this time period indicate that
the weight percent of fine <180 um particles in the raw, unprocessed oxide increased from ~20-
30% to >70% at the same time the heater element malfunction occurred. The bulk density of the
oxide generated under the new temperature regime also decreased dramatically to less than 4.0
g/ml from ~5.0 to 5.5 g/ml.

We also observed changes in other physical characteristics of the DMO oxide produced between
July 2012 and January 2013. These are summarized in Figure 5, panels A-E of Figure 17, and in
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Table 2. The particle size data in both Figure 5 and in Table 2 was averaged over blocks of 10
oxide lots, thereby accentuating the changes in particle size across groups of oxide lots. Figure
17 contains plots of various physical parameters for each processed lot (SSA, volume % of
particles <5 um in diameter, the smallest particle size mode, and median particle size), and
selected thermal parameters for the same samples (% total weight change, and % weight gain
after the minimum), comparing each with a plot of temperature difference between the control
thermocouple and the lowest temperature reading for each run. The parameters that are the most
sensitive to the changes in DMO thermal conditions, depicted as the change in temperature
differential, appear to be surface area (Figure 17 A), the volume percent of fines (Figure 17 B),
the magnitude of the smallest particle size mode (Figure 17 C), and the total percent weight
change of the TGA sample (Figure 17 E). Median and mean particle size, however, seem to be
relatively insensitive to the change in oxidation conditions, though the averaged data (Figure 5,
Table 2) show significant decreases in both. If, as surmised above, Pu metal oxidation occurred
at slightly lower temperatures between July 2012 and January 2013, it is possible that the
changing thermal conditions in the DMO Furnace corresponded to significant changes in the
nature of the Pu oxide product.

CONCLUSIONS

Fifty-plus lots into the ARIES / UPOP production schedule, the characterization data provides
strong evidence for a remarkably consistent PuO, product in terms of its thermal and physical
properties. Further work must be done on the characterization of Pu oxides from different
process streams to develop a diagnostic picture of their physical and thermal properties vis-a-vis
their processing history. Such data may be applied in the nonproliferation arena to assess the
capabilities of rogue nuclear-capable countries. We can draw several conclusions from the data
set presented here:

1) PuO, generated in the ARIES DMO furnace from Pu metal is consistently a low-surface
area material, with SSA values that vary between 0.1 and 0.5 m*/g.

2) Processed ARIES PuO, typically has a bimodal or trimodal PSD. The same can be said of
unprocessed PuO, fines having diameters less than 180 um, and of oxide generated in dry
air in a standard muffle furnace.

3) PSD and SSA are functions of the thermal and oxidation conditions within the ARIES
DMO Furnace, and process upsets may be reflected as observable changes in the physical
properties of the PuO, product. Changes in PSD are especially apparent when the entire
range of particle sizes emerging from the DMO Furnace is considered.

4) ARIES DMO oxide typically has a very low volatile content. Moisture contents are well
below the minimum required in DOE-STD-3013-2012.

5) Other gases detected in the offgas from ARIES DMO oxides include CO,, NO, and H,.

6) ARIES oxides typically undergo a weight loss, but then gain weight above ~600°C.
Above ~900°C, weight gain is attributable to the oxidation of either Ga metal alloyed
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with the Pu, or Ga,O that originated from the alloyed Ga metal. The oxidation of PuO,.«
may also occur, causing a gradual weight gain at lower temperatures (600 — 900°C).
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TABLES

Table 1: Sample types included in this study

Prefix Source Mode of Preparation
UPOPLOT ARIES Production, fully processed, | DMO-2 Furnace, calcined to 950°C,
2010-present sieved, milled, blended oxide.
ARIOX ARIES Demonstration and Testing, DMO-2 Furnace, calcined to 950°C,
production phase, 2011-2012 not processed
AR ARIES Demonstration and Testing, DMO-2 Furnace, calcined to 950°C,
pre-production, 2009-2010 not processed
MFTP Muffle Furnace Test Plan, 2012 Static oxidation in muffle furnace /
ambient air, calcined to 950°C
D2 ARIES 2" Demonstration DMO-1 Furnace, minimally
processed
D1 ARIES 1% Demonstration DMO-1 Furnace, minimally
processed
006 ARIES Pit Disassembly passive oxidation in ambient air, no

calcination

Table 2: Comparison of averaged UPOPLOT PSD analyses.

Units = vol % pum um pum pum pm pm
<5 pum max PS mode 1 mode 2 | mode 3 | median | mean
UPOPLOTS 1-10 225 174.6 1.41 14.2 54.4 14.7 235
UPOPLOTS 11-20 254 174.6 1.08 14.2 54.7 14.9 23.3
UPOPLOTS 21-30 20.2 174.6 1.41 16.2 54.7 17.4 25.9
UPOPLOTS 31-37, 39 224 1525 1.41 16.2 54.5 15.6 23.6
UPOPLOTS 40-50 16.2 1525 2.79 14.1 42.2 13.2 17.8
Table 3: Average, maximum, and minimum peak temperatures (plus standard deviations and percent relative
deviations) for the typical H,O, CO,, NO and H, gas emissions from 59 processed UPOPLOT samples. Most
samples exhibited two water and two CO, peaks, plus single NO and H, peaks.
T max wt. T°C T°C T°C T°C T°C T°C
loss H,0 #1 H,0 #2 CO,#1 CO, #2 NO H,
Avg. 603.4 169.0 299.9 296.5 475.8 167.6 303.7
Std.Dev.(10) 90.6 15.3 26.1 12.3 28.7 25.1 10.4
Max. 875.7 203.3 355.1 334.9 531.3 238.3 338.6
Min. 368.6 139.1 258.6 275.2 424.5 133.1 287.6
% RSD (10) 15.0 9.1 8.7 4.1 6.0 15.0 34
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FIGURES

Figure 1: ARIES (Advanced Recovery & Integrated Extraction System) Direct Metal Oxidation
(DMO-2) Furnace / Calciner.

PU or HEU Metal

—; Furnace Lid
z v/

Helium —€———

Motors [ iy } Electric Heaters
————————— -/ Water Jacket
[

L !

/////

A < T5%0, 1 25%He

Furnace with
Rotating Drum

Calciner with / —» Py or HEU Oxide
Auger

Milk Bottle

20|Page



Figure 2: Relative Humidity (lower plot) in the analytical & process gloveboxes versus time.
The scatter plot at the top shows the corresponding TGA results (n>50 due to repeat analyses) for
total moisture and mass change in TGA samples over the same time period. See Appendix 1 for a
complete data summary.
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Figure 3: SSA versus total mass change measured by loss-on-ignition (LOI: open symbols) and
TGA (solid symbols) for various Pu oxides. Samples from the MOX Pu Polishing Project (open
purple circles) and the oxide produced by slow oxidation of the metal in ambient air (solid green
diamonds) have considerably greater SSAs than the ARIES-related materials. Processed ARIES
“UPOPLOT” DMO-2 oxide (solid blue circles), unprocessed ARIES DMO-2 oxide (solid red
squares), and the muffle furnace (MFTP) oxide (solid black diamonds) have very similar SSAs
and exhibit very similar mass change behavior in TGA. Oxides from the 2nd ARIES
Demonstration created in DMO-1 (open red squares) exhibit a wider range in SSA and positive
LOI results, indicating weight gain.
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Figure 4: Mean particle size and SSA for the first 53 processed UPOPLOT samples, including
duplicates. The shaded area denotes the change in conditions (Lots 40-53) during June/July 2012
that resulted in the alteration of the overall appearance, bulk and tapped density, surface area, and
certain particle size parameters of the product oxide (see text).
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Figure 5: Average PSDs for processed UPOPLOT oxides from ARIES DMO, and the Muffle
Furnace Test Plan. Lot 38M is processed Muffle Furnace oxide, and “MF<180 Avg” is the
average of all PSDs of all <180 fractions from the unprocessed MFTP oxide. Note that the PSD
for Lots 40-50 (magenta line) is substantially different than the others.
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Figure 6: PSDs from the <180 um fraction of the unprocessed MFTP oxides in comparison to
the average particle size of the processed UPOPLOT oxides (navy blue).
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Figure 7: Average PSDs for unprocessed UPOPLOT oxides from ARIES DMO.
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Figure 8: TGA-MS data from PuO, generated by long-term (~30 yr.) exposure of Pu metal to
ambient air. Using the approximations calculated in [9], the H,O released corresponds to ~3.7
monolayers for a sample having a SSA of ~7 m?/g.
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Figure 9: TGA-MS data from fully processed UPOPLOT oxide generated in the ARIES DMO
Furnace from Pu metal. Using the assumptions in [9], the amount of moisture lost (0.31 mg) is
equivalent to ~0.92 monolayer of H,O on the oxide surface (SSA = 0.41 m?/g, sample weight

=3.873 g). Note the mass increase above 624°C, and the coeval mass discontinuity and oxygen

(cyan line) depletion at 995°C.
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Figure 10: TGA crucible containing a PuO, sample, after analysis, showing the white deposits
that were later identified as a gallium oxide, probably Ga,Os. The crucible is 1 cm in diameter.
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Figure 11: PSDs of PuO, produced by the slow, passive oxidation of Pu metal under ambient
conditions (black curves) and by precipitation from Pu oxalate followed by oxide conversion at
600°C. The red line represents a high-purity oxalate precipitate, and the magenta line represents
an impure oxalate precipitate.
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Figure 12: As-received PuO, from the ARIES DMO furnace prior to June 2012. Note the
presence of oxide spherules in the lower right and center of the picture. The spherules are
typically hollow and indicate initial melting of Pu metal into droplets and subsequent oxidation.
Calcination to >950°C in an oxygen-rich atmosphere eliminates any metal that passes through
the furnace’s oxidation segment.
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Figure 13: Individual PSD curves from UPOPLOTO0005; each solid line represents a single
particle size analysis, starting at time=1600 and ending at time=1609. Through time, the larger
modes are depleted, as the volume percent of particles in the smallest particle size mode grows

and moves to a smaller diameter.
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Figure 14: Light transmittance through a suspension of UPOPLOTO0O005 particle during the
acquisition of PSD data depicted in Figure 12.
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Figure 15: PSDs of two aliquots of the same sample (AR102611) run in dispersants having two
different pH levels: near neutral, and slightly acidic.
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Figure 16: SEM micro-images of unprocessed powder aggregates from the ARIES DMO
Furnace.
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Figure 17: Plots of temperature differential during oxidation in the DMO furnace (black squares)
for each batch versus several different physical and thermal properties of the processed oxide.
Temperature difference is evaluated at the first introduction of oxygen, and greater temperature
differential corresponds to lower metal surface temperature at the start of oxidation. The
parameters plotted in comparison to the DMO furnace temperature differential include surface
area (A), the volume percent of fines (B), the magnitude of the smallest particle size mode (C),
median particle size (D), the total percent weight change of the TGA sample (E, magenta) and
total weight gain during TGA analysis (E, violet).

180 A -1 06 180 B -132
' ' 430
160 T 160 ° [
- i.l 128
— ®  Temp. Diff - —_ [ ]
140 - on 140 4 o o [ ] - i
g e SSA LT 3 oo, L 26,0\
(%) (%2}
£ ] e i 2 L] [ ] i X
8 120 e = o4 8 120 ® . s 22
o » ° o G © ° o %, 8 122 8
53 ° ° e, = > N s %e © o " >
£ 100- N o £ S 100 -’ o o° , 420 §
E ° ° [ ] % L] g) = * [ ] ° u S
S g . S oo ° mue 0 O gd e - l. Smue ] 18 g
g o o o° ..I. . e o2 g pr L W w6
O 604 ° ° tam om b S god [® Temp. Diff LI . .
[ & ° n “ - = ) n - L4 ° —414
3 - ® <5micron ° . | b ™
° L] ] mom s % ° 112
40 - 40 -
T T T T T T T T T T T T 10
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Lot Number Lot Number
180 C <135 180
160 = u 130 160 - [ 130
ﬂ- " dl
ft - - - -
—~ ®  Temp.Di - —~ X -
» 140 » 140 | @ Median PS
2
g Mode 1 "= 5 g ° = g 1s =
T " e < © T e S
8 1204 . {208 8 1204 . 5
=1 ] = 5 " E
S 100 E S 100 ¢ o
< - 415 < = o . 1209
E ] . 3 E ¢ 0... L4 [] . g
. 801 - mn o ) 80 e o %m_" ° min g
g -:'l“_ _.l' . e ql03 s . .,p-l'.‘j - g
GRS . = a b S g0 A L] EoM o u s 15
= b = n = ° u e % =
[ = Sxo05 L [ ° e
w o] = ° L4 o] = &
40 - 40 LIS
T T T T T T OO T T T T T T 10
0 10 20 30 40 50 0 10 20 30 40 50 60
Lot Number Lot Number
180 E
. -1 0.04
4 -
160 ° o L[] d. [ ]
° g%, 0 - 9
= 1404 o % » ° LT - 0.02 >
S D o %, ® % o m  um s
GE IRt Pl i R I
© ° ® oo 4000 o
B0 & °° . g s {0 5
. o %% ° . ® =
& o . ol =
155 ° oo of . &
T, 100 o 8 ° . ° 4-0.02 5
g e % ® o o
5 .  w®,t £
804 - opEn B=2
; o6 4004 @
g e, B e e 02
@ 60 . . = . B
= Temp. Diff b = E5-006 O
40| ® Total Weight Change| ™ =y = j|
® Weight Gain
T g T T T T T -0.08
0 10 20 30 40 50
Lot Number

36|Page



APPENDICES

Appendix 1: Glovebox conditions, mass change, and moisture content data from TGA-MS

analyses of processed ARIES DMO PuO, samples.

sample
UPOPLOTO0001
UPOPLOTO0002-1
UPOPLOTO0002-2
UPOPLOTO0003
UPOPLOTO0004
UPOPLOTO0005
UPOPLOTO0006
UPOPLOTO0007-1
UPOPLOTO0007-2
UPOPLOTO0008-1
UPOPLOTO0008-2
UPOPLOTO0009-1
UPOPLOTO0009-2
UPOPLOTO0010
UPOPLOTO0011
UPOPLOTO0012
UPOPLOTO0013
UPOPLOTO0014
UPOPLOTO0015
UPOPLOTO0016-1
UPOPLOTO0016-2
UPOPLOTO0017
UPOPLOTO0018
UPOPLOTO0019-1
UPOPLOTO0019-2
UPOPLOTO0020-1
UPOPLOTO0020-2
UPOPLOTO0021
UPOPLOT0022
UPOPLOT0023
UPOPLOT0024
UPOPLOTO0025
UPOPLOT0026
UPOPLOTO0027
UPOPLOTO0028
UPOPLOT0029
UPOPLOTO0030
UPOPLOTO0031
UPOPLOTO0032
UPOPLOTO0033
UPOPLOTO0034
UPOPLOTO0035
UPOPLOTO0036-1
UPOPLOTO0036-2

UPOPLOTO0037
MFTP-
UPOPLOTO0038

UPOPLOTO0039

Analytical

%RH

0.1
0.1
0.0
0.0
0.4
0.4
0.4
0.4
0.3
0.3
0.4
0.4
0.4
0.4
0.4
0.5
0.4
0.4
0.4
0.4
0.3
0.4
0.4
0.4
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.3
0.0

7.0
0.4

Process

%RH

0.0
0.2
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.3
0.3
0.3
0.3
0.2
0.2

0.2
0.2
0.2
0.2
0.3
0.0
0.2
0.0
0.0
0.0
0.5
0.5
0.5
0.7
0.6
0.4
0.5
0.4
0.4
0.4
0.4
0.9

1.6
1.9

Sample
Weight

mg

3158.9
3309.9
3234.2
3005.5
3495.7
4884.1
3950.0
3156.1
2458.4
4840.6
4780.6
4275.7
4328.0
4956.4
47247
47247
4992.2
3935.7
4574.3
4381.0
4304.0
4951.2
4976.2
4383.3
4608.8
4722.6
5008.6
4348.3
3500.0
3541.4
3394.1
3160.4
3938.7
4194.8
3868.5
3966.4
3655.5
4002.5
3506.5
3736.7
3520.8
3479.3
37314
33245
3655.8

3755.6
3360.0

Max Wt.
Loss

Wt. %

-0.016
-0.012
-0.015
-0.012
-0.027
-0.031
-0.022
-0.019
-0.027
-0.021
-0.022
-0.031
-0.027
-0.021
-0.026
-0.027
-0.022
-0.024
-0.017
-0.029
-0.031
-0.019
-0.020
-0.026
-0.021
-0.027
-0.032
-0.025
-0.036
-0.020
-0.028
-0.032
-0.027
-0.019
-0.021
-0.023
-0.037
-0.031
-0.040
-0.032
-0.034
-0.039
-0.034
-0.051
-0.033

-0.050
-0.045

Mass
Gain
Wt. %

0.012
0.009
0.014
0.012
0.007
0.021
0.010
0.019
0.019
0.006
0.009
0.013
0.008
0.000
0.020
0.019
0.007
0.015
0.013
0.023
0.020
0.011
0.005
0.023
0.016
0.029
0.017
0.022
0.006
0.021
0.029
0.014
0.019
0.024
0.033
0.012
0.013
0.008
0.013
0.012
0.005
0.005
0.013
0.007
0.008

0.003
0.003

Net

Mass
Change

Wt. %

-0.004
-0.003
-0.001

0.000
-0.020
-0.010
-0.012

0.000
-0.009
-0.015
-0.012
-0.018
-0.019
-0.021
-0.006
-0.007
-0.015
-0.009
-0.005
-0.006
-0.011
-0.008
-0.015
-0.003
-0.005

0.002
-0.015
-0.003
-0.030

0.000

0.001
-0.018
-0.008

0.005

0.012
-0.011
-0.024
-0.024
-0.027
-0.020
-0.029
-0.034
-0.021
-0.044
-0.025

-0.047
-0.042

Total
Mois-

ture
Wt. %
0.013
0.008
0.009
0.009
0.002
0.008
0.006
0.008
0.007
0.004
0.005
0.010
0.008
0.005
0.007
0.007
0.007
0.008
0.008
0.013
0.020
0.010
0.009
0.010
0.008
0.014
0.007
0.012
0.006
0.006
0.007
0.007
0.018
0.007
0.009
0.005
0.010
0.007
0.017
0.010
0.010
0.007
0.014
0.011
0.016

0.014
0.013

% mass loss
due
to H,O

%

-17.3
-70.0
-57.1
-75.0

-8.4
-25.5
-25.6
-42.4
-26.9
-18.3
-25.0
-32.3
-29.1
-23.8
-25.8
-27.6
-31.8
-31.9
-44.3
-46.0
-65.9
-53.8
-43.6
-36.8
-35.7
-51.2
-21.3
-47.7
-15.7
-27.8
-24.0
-21.8
-65.4
-34.6
-41.0
-19.8
-26.7
-21.4
-40.8
-30.0
-29.7
-19.1
-41.7
-20.8
-47.9

-27.0
-29.8
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Net Total % mass loss

Analytical Process Sample Max Wt. Mass Mass Mois- due
Box Box Weight Loss Gain Change ture to H,O

sample %RH %RH mg Wt. % Wt. % Wt. % Wt. % %
UPOPLOT0040 13 14 4321.4 -0.031 0.012 -0.019 0.005 -15.9
UPOPLOT0041 0.1 1.2 4003.2 -0.033 0.017 -0.015 0.023 -71.0
UPOPLOTO0042 0.2 14 4066.0 -0.030 -0.012 -0.042 0.005 -18.0
UPOPLOTO0043 0.4 11 3993.2 -0.024 -0.006 -0.030 0.011 -44.8
UPOPLOTO0044 0.6 14 4179.5 -0.041 0.000 -0.041 0.008 -19.3
UPOPLOTO0045 1.9 11 4068.7 -0.026 0.001 -0.025 0.002 -9.4
UPOPLOT0046 0.3 11 3589.0 -0.037 0.001 -0.036 0.009 -25.2
UPOPLOT0047 0.3 11 3464.5 -0.048 0.006 -0.042 0.016 -34.1
UPOPLOT0048 0.3 11 3897.3 -0.034 0.004 -0.030 0.004 -10.6
UPOPLOTO0049-1 0.4 0.3 4140.1 -0.035 -0.002 -0.036 0.007 -21.0
UPOPLOT0049-2 0.3 0.3 3717.8 -0.031 0.005 -0.026 0.007 -23.5
UPOPLOTO0050 0.3 0.2 3837.1 -0.024 0.008 -0.016 0.008 -33.7
AVG 3983.7 -0.028 0.012 -0.017 0.009 -34.1
STD 591.7 0.009 0.009 0.014 0.004 16.6
MAX 5008.6 -0.012 0.033 0.012 0.023 -8.4
MIN 2458.4 -0.051 -0.012 -0.047 0.002 -77.3
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Appendix 2: ARIES DMO Oxide Dry Sieving Analyses

The oxide is sieved in 8-inch diameter sieves for one hour on an automatic sieve shaker. We used
calibrated sieves with the following mesh sizes (in um): 2000, 1000, 850, 600, 500, 425, 355,
300, 250, 212, and 180. During the early phases of ARIES DMO testing and demonstration, and
during Test Plan A, the oxide was characterized by a relatively even distribution of particle sizes
with somewhat higher populations in the 800-1000, 600-800, 300-425, and <180 um size
fractions (Plots 1 and 2). For this oxide, the <180 um fraction typically constituted <30% by
weight of the entire batch, necessitating several sieve / mill iterations during processing.

In August 2011, a mechanical malfunction caused DMO basket rotation to slow or cease entirely.
This off-normal condition produced oxide having up to 70 weight % <180 um fines and ~10
weight % coarse material >850 um in diameter (Plot 3). As soon as normal DMO furnace
operations were restored in September 2011, the PSD of the unprocessed ARIES oxide gradually
returned to its former pattern (Plot 3). Oxides produced by static oxidation in a muffle furnace in
ambient air were also dominated by <180 um fines (Plot 3). Muffle furnace oxide contained
between 35.7 and 73.4 percent <180 mm fines, by weight, with little or no content above 800
um.

Milling and sieving tests demonstrate that ~20% of the >1000 um material is eliminated after
one minute of milling, with concomitant increases at smaller-diameter populations. The >1000
micron population is eliminated after 5 minutes, and after 15 minutes of milling, nearly 65% of
the material passes through the 180 micron sieve. After 30 minutes, over 95% of the material
passes through the 180 micron sieve.
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Appendix 2, continued: ARIES DMO Pre-production sieve testing results

As-Received ARIES Test Plan Oxides from DMO

40.00 -
) 35.00 =
<
2 30.00 =
©
2
” 25.00 =
a 20.00 -
S i
2 15.00 s
o}
N 10.00 i
0.00 _‘]_ |
1000 | 800 | 600 | 500 | 425 | 300 | 250 | 212 | 180 | <180
B wt% ARIOX051209 19.37 | 893 [17.47| 9.72 | 4.43 |11.94| 498 | 3.95 | 1.74 | 17.47
B wt% ARIO70709 24.48 | 9.66 | 19.07 | 9.66 | 4.50 | 11.13 | 4.05 | 3.14 | 1.32 | 13.00
= wt% ARI072209 26.80 | 8.70 | 17.06 | 8.48 | 4.42 | 10.61 | 4.42 | 2.99 | 1.47 | 15.06
B wt% ARIOX012810 25.58 | 431 |12.79 | 7.55 | 4.16 | 13.33 | 5.47 | 5.16 | 2.31 | 19.34
B wt% ARIOX021010 29.85 | 5.39 |11.88| 6.23 | 433 |10.38 | 4.24 | 4.28 | 1.99 | 21.46
O wt% ARIOX021910 12.20 | 5.78 |17.60 | 8.59 | 5.40 | 14.20 | 5.78 | 5.94 | 2.27 | 22.25
O wt% ARIOX022610 20.99 | 3.13 [ 10.60 | 4.00 | 3.43 | 7.39 | 4.82 | 5.39 | 2.39 | 37.85
wt% ARIOX021610 25.64 | 7.24 | 16.74 | 8.01 | 4.48 | 10.28 | 4.09 | 3.54 | 1.77 | 18.23

ARIES DMO Test Plan A sieve testing results

Particle Size by Sieving: As-Received Test Plan A Oxides

35
o
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2000 | 1000 | 800 600 500 425 355 300 250 212 180 | <180

H ARIOX040710 0 0 32.48| 5.48 [12.34| 6.17 | 3.81 0 942 | 4.45 | 4.08 | 1.30 [20.23
W ARIOX041310 0 0 32.77| 4.69 | 8.68 | 4.52 | 3.81 0 7.00 | 3.72 | 3.54 | 1.77 | 29.58
W ARIOX042610 0 0 25.23| 6.64 [12.19| 6.25 | 3.36 0 9.14 | 4.22 | 3.75 | 1.80 |27.66
B ARIOX042710 0 0.49 119.31 7.39 |14.68| 5.59 | 4.40 | 5.54 | 4.29 | 4.17 | 3.39 | 3.19 |27.62
H ARIOX042910 0 0.66 121.31(6.91 |11454| 539 | 437 | 5.60 | 453 | 4.63 | 3.57 | 3.50 |24.52
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Appendix 2, continued: ARIES DMO (ARIOX) D&T, and Muffle Furnace (MFTP) Sieve Data

80.00

70.00

60.00 —

50.00

40.00 -

30.00 [

20.00

10.00

oo ML o L ] e

2000 10&)_ 850 | 600 | 500 | 425 | 355 | 300 | 250 | 212 | 180 <1é0
W ARIOX080811| 0.08 | 7.25 | 3.00 | 5.96 | 2.85 | 2.42 | 040 | 1.64 | 3.64 | 2.21 | 0.34 | 70.30
W ARIOX081511| 0.56 | 2.74 | 2.03 | 596 | 4.27 | 4.18 | 2.55 | 3.28 | 4.06 | 3.39 | 0.63 | 66.92
W ARIOX090711| 0.60 |14.30| 4.45 | 8.77 | 460 | 3.50 | 4.06 | 410 | 5.75 | 2.11 | 3.34 | 44.43
W ARIOX102611| 5.40 [18.61| 2.70 [13.59| 591 | 4.76 | 425 | 0.00 | 7.47 | 0.00 | 5.90 |31.42
EARIOX110711| 8.01 [31.80| 6.42 [12.79| 5.21 | 4.03 | 4.08 | 3.19 | 3.16 | 2.42 | 2.35 |16.54
EARIOX111011| 2.59 [21.80| 2.76 |16.61 | 6.69 | 4.99 | 457 | 4.36 | 4.07 | 3.03 | 3.12 | 2541
OARIOX120811| 14.07 | 22.15| 3.49 |12.42| 536 | 3.94 | 449 | 2.84 | 3.49 | 2.86 | 3.17 |21.72
ORB-MFTP-55 | 0.00 | 0.00 | 0.01 | 3.76 | 4.70 | 3.97 | 6.64 | 7.01 | 8.09 | 7.26 | 6.98 |51.58
ORB-MFTP-56 | 0.00 | 0.00 | 0.01 | 8.24 | 6.03 | 5.08 | 7.23 | 7.50 | 8.04 | 6.86 | 5.08 |45.93
m RB-MFTP-40 | 0.00 | 0.00 | 0.01 | 6.82 | 6.24 | 6.00 | 4.78 | 5.28 | 598 | 5.62 | 5.34 | 53.92
®RB-MFTP-70 | 0.00 | 0.03 | 0.00 | 3.07 | 1.89 | 1.75 | 2.50 | 3.10 | 4.58 | 4.37 | 5.26 | 73.43
ORB-MFTP48N | 0.00 | 0.07 | 0.12 |11.14| 6.52 | 569 | 491 | 531 | 5.83 | 5.31 | 5.80 |49.30
ERB-MFTP48T | 0.00 | 0.01 | 0.01 |11.61| 9.88 | 9.18 | 7.19 | 7.33 | 7.43 | 6.24 | 542 | 35.69
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APPENDIX 3: Surface Area and Particle Size Data for processed ARIES UPOPLOT Samples.

Units > m?/g vol % um um um um pm um

Sample ID SSA <5 um max PS mode 1 mode2 mode3  median mean
UPOPLOTO0001 a 0.19 17.4 116.2 1.08 141 55.4 155 24.7
UPOPLOT0002-S 0.18 243 773 141 14.2 413 12.4 16.1
UPOPLOTO0003-S 0.11 19.6 116.2 1.08 14.1 62.3 15.6 25.7
UPOPLOT0004-S 0.28 21 1015 212 16.2 421 13.6 175
UPOPLOTO0005-S 0.39 19.9 152.5 1.85 141 55.1 15.2 26.2
UPOPLOT0006-S 0.32 19.6 200 141 16.2 48.1 17.4 26.8
UPOPLOTO0007-S 0.22 19.7 133.1 141 142 54.9 15.3 23.9
UPOPLOT0008-S 0.17 249 200 1.23 12.4 63 14.4 29.5
UPOPLOTO0009-S 0.14 20.3 116.2 141 16.3 55.1 25 30.7
UPOPLOT0010-S 0.15 238 133.1 1.08 16.3 42 17.5 23.3
UPOPLOTO0011-S 0.23 25.1 174.6 1.08 16.2 48.9 15.7 23.8
UPOPLOT0012-S 0.25 246 116.2 1.23 14.2 55.1 15.3 24.2
UPOPLOTO0013-S 0.28 26.5 101.5 1.23 14.1 55.6 133 21.8
UPOPLOT0014-S 0.15 206 116.2 1.08 16.3 54.9 19.6 275
UPOPLOTO0015-S 0.2 22 152.5 1.23 16.3 54.6 18.8 27.8
UPOPLOT0016-S 0.3 21.3 133.1 1.08 16.2 54.8 17.1 26
UPOPLOTO0017-S 0.17 29.7 88.6 1.08 14.2 54.1 12.6 20.6
UPOPLOT0018-S 0.24 26.5 116.2 1.08 16.2 55.1 15.1 23.7
UPOPLOT0019-S 0.2 26.5 88.6 1.23 14.2 48.1 12.9 18.4
UPOPLOT0020-LO 0.24 22 133.1 1.08 16.2 55.7 17.9 27.6
UPOPLOT0021-S 0.21 215 101.5 1.23 16.3 55 184 25.9
UPOPLOT0022-S 0.24 13.3 133.1 141 18.5 54.6 216 30.4
UPOPLOT0023-S 0.23 21.7 133.1 1.23 16.3 55.2 19.1 27.6
UPOPLOT0024-S 0.26 20 133.1 141 14.2 54.7 14.9 21.9
UPOPLOTO0025-LO 0.21 18.3 174.6 1.62 16.3 55.1 18.7 29
UPOPLOT0026-LO 0.19 236 1015 141 14.2 54.7 14.8 22.9
UPOPLOT0027-LO 0.22 21.8 133.1 1.23 16.2 55 16.8 25.6
UPOPLOT0028-LO 0.23 224 1015 141 16.2 48.6 16.3 23.3
UPOPLOT0029 0.23 16.8 152.5 141 16.2 55 17.7 27.1
UPOPLOT0030 0.28 224 1015 141 16.2 54.8 17 25.4
UPOPLOTO0031 0.27 20.1 88.6 141 16.2 48.7 15.6 21.9
UPOPLOT0032 0.32 216 88.6 141 14.2 48.6 13.9 19.8
UPOPLOTO0033 0.25 20.5 116.2 1.24 16.3 55.5 18.2 26.8
UPOPLOT0034 0.19 214 88.6 1.42 16.2 48.6 16 224
UPOPLOTO0035 0.17 26.5 101.5 141 14.2 54.8 14.4 22.3
UPOPLOT0036 0.23 24 116.2 141 16.2 55.2 16.1 24.8
UPOPLOTO0037 0.29 22.4 152.5 1.24 16.2 54.7 17.7 27.6
MFTP-UPOPLOTO0038 0.47 25.7 133.1 1.07 12.4 55.4 14.7 26
UPOPLOTO0039 0.31 22.4 133.1 1.23 124 54.7 137 235
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Sample ID
UPOPLOTO0040
UPOPLOTO0041
UPOPLOT0042
UPOPLOTO0043
UPOPLOTO0044
UPOPLOTO0045
UPOPLOTO0046
UPOPLOTO0047
UPOPLOTO0048
UPOPLOTO0049
UPOPLOTO0050
UPOPLOTO0051
UPOPLOTO0052
UPOPLOTO0053
UPOPLOTO0054
AVG

STD

MAX

MIN

%RSD (1o)

Units 2>

m?/g

SSA
0.35
0.46
0.49
0.52
0.36
0.33
031
0.34
031
0.33
0.41
0.39
0.35
0.37

0.27
0.09
0.52
0.11
33.97

vol %
<5pum
18.1
16.9
16.2
14.2
12.8
12.3
171
17.8
18.5
12.8
16.5
13.6
14.4
17.5
15.2
20.38
4.08
29.70
12.30
20.00

pm
max PS
152.5
116.2
101.5
116.2
116.2
152.5
44.9
67.5
67.5
101.5
133.1
101.5
88.6
101.5
88.6
119.09
30.93
200.00
44.90
25.98

pm
mode 1

2.79
3.15
3.16
3.15
3.15
2.78
2.78
3.15
2.78
2.78
2.79
2.79
2.78
2.78
2.78
1.69
0.73
3.16
1.07
43.00

pm
mode 2
12.4
12.3
10.9
124
14.2
142
14
142
16.2
16.2
12.4
142
14.2
142
14.2
14.89
1.56
18.50
10.90
10.48

pm
mode 3
47.8
48.2
47.9
48.6
48

48
none
none
41.6
48.2
47.5
47.9
479
48.0
48.1
52.02
4.84
63.00
41.30
9.30

pm pm
median mean
125 18.1
11.6 16.5
11.3 15.8
13.3 20.1
147 211
15.8 22.8
124 124
12.7 14.1
13.9 17.3
16.4 225
12.9 17.7
15 20.1
14.8 20.2
14.9 20.9
145 19.6
15.62 23.01
2.57 4.24
25.00 30.70
11.30 12.40
16.45 18.42
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Appendix 4: Physical properties of miscellaneous Pu oxides relevant to the ARIES Program.
Prefixes are explained in Table 1. The suffix “LT180” indicates that the sample is the <180 pum
sieve fraction of an unprocessed oxide. Positive mass change indicated weight gain during LOI

or TGA Analysis.
Sample Comment SSA % Mass | vol % max mode | mode2 | mode Dso Mean
(m’lg) | Change <5 PS 1 (um) 3 (um) | (um)
(TGAor | pum (@m) | (wm) (um)
LOl)
006-0X12 Oxidized in ambient air | 6.913 -0.658
006-0OX16 Oxidized in ambient air | 6.897 -0.707 96.1 11.57 142 -- - 1.62 1.99
D1-020906-2 1% Demo unprocessed 0.474 18.4 116.2 0.62 10.8 41.5 14.0 20.3
D1-PSSAl 1* Demo milled 1.219 224 152.5 141 14.2 - 12.5 15.8
D1-PSSA2 1% Demo milled 1.213 24.5 101.5 141 141 - 114 13.2
D1-PSSA3 1% Demo milled 1.168 219 152.5 141 14.2 44.8 12.4 16.3
D2-041701SJ 2" Demo / DMO-1 0.274 -0.027
D2-042401S5-1 2" Demo / DMO-1 0.432 -0.074
D2-042601S5-1 2" Demo / DMO-1 0.347 -0.032
D2-042701S5-1 2" Demo / DMO-1 0.463 -0.109
D2-043001S5-1 2" Demo / DMO-1 0.527 -0.048
D2-061901S5-1 2" Demo / DMO-1 0.466 -0.071
D2-062101S5-1 2" Demo / DMO-1 0.290 -0.086
D2-070901S5-1 2" Demo / DMO-1 1.575 0.004
D2-100401S5-1 2" Demo / DMO-1 0.571 0.032
D2-101001S5-1 2" Demo / DMO-1 0.430 -0.041
D2-101701S5-1 2" Demo / DMO-1 0.663 -0.067
D2-102301S5-1 2" Demo / DMO-1 0.590 -0.119
D2-11060153-1 2" Demo / DMO-1 0.572 -0.045
D2-112001S3-1 2" Demo / DMO-1 0.344 -0.045
D2-111301S3-1 2" Demo / DMO-1 0.491 -0.039
D2-111901S3-1 2" Demo / DMO-1 0.541 -0.030
D2-112701S3-1 2" Demo / DMO-1 2.037 -0.271
D2-01170253-1 2" Demo / DMO-1 0.357 0.052
D2-040302S2 2" Demo / DMO-1 0.249 -0.019
D2-040402S3-1 2" Demo / DMO-1 1.600 0.042
AR051209-LT180 ARIES D&T <180 um -- 14.6 200.0 0.94 16.2 72.1 17.9 32.3
AR070709-LT180 ARIES D&T <180 um -- 16.2 200.0 0.82 18.4 82.8 21.7 37.4
AR012810-LT180 ARIES D&T <180 um -- 13.2 200.0 0.82 18.4 63.7 18.0 29.0
AR040710-LT180 | ARIES D&T <180 um | 0.305 16.6 133.1 0.94 18.5 55.4 19.1 27.8
AR041310-LT180 | ARIES D&T <180 um | 0.288 10.5 152.5 1.23 18.7 722 335 41.2
AR042910-LT180 | ARIES D&T <180 um | 0.208 14.7 152.5 0.82 18.4 721 17.9 28.6
AR042610-LT180 | ARIES D&T <180 um | 0.296 14.2 229.1 1.23 18.5 48.4 224 37.8
AR042710-LT180 | ARIES D&T <180 um | 0.255 11.3 152.5 0.82 18.5 55.4 21.0 313
AR041310M10 ARIES D&T <180 um, | 0.212 15.3 133.1 1.08 18.5 62.3 18.5 26.9
10 min. mill
ARIOX080811S ARIES D&T 0.297 -0.012
ARIOX081511S ARIES D&T 0.267 -0.052
ARIOX110711 ARIES D&T 0.110 -0.007
ARIOX120811 ARIES D&T 0.224 -0.018
ARIOX102611 ARIES D&T 0.223 0.009
ARIOX020612S ARIES D&T 0.113 -0.019
ARIOX090711U ARIES D&T 0.178 -0.005
ARIOX080811-
LT180 ARIES D&T <180 um 0.349 0012
ARIOX090711-
LT180 ARIES D&T <180 um | () 5oy -0.010
MFTP44-LT180 Muffle Furnace <180 0.379 -0.040 15.9 152.4 1.85 18.5 55.2 20.6 30.5
MFTP48N-LT180 Muffle Furnace <180 0.289 -0.045 16.8 101.5 1.23 18.5 61.9 213 28.9
MFTP48T-LT180 Muffle Furnace <180 0.243 -0.030 18.6 101.5 141 18.4 54.4 18.1 25.3
MFTP55-LT180A Muffle Furnace <180 0.415 -0.038 20.8 133.1 2.77 16.2 62.9 19.2 30.0
MFTP55-LT180B Muffle Furnace <180 -- -0.057 219 133.1 2.43 16.2 62.7 17.5 285
MFTP56-LT180 Muffle Furnace <180 0.453 -0.032 18.0 133.1 1.62 18.4 63.0 19.5 29.7
MFTP62-LT180 Muffle Furnace <180 0.285 -0.009 13.2 88.6 2.11 18.5 48.0 18.2 234
MFTP70-LT180 Muffle Furnace <180 0.380 -0.040 10.9 133.1 141 18.5 55.5 24.8 33.6
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